Abstract. The goal of our study was to estimate the accuracy of measuring the blood haemoglobin concentration by means of the pulse CO-oximetry, depending on the probe radiation wavelength. Revealing the combinations of wavelengths, optimal for minimising the measurement error, will allow the formulation of requirements to the instruments for noninvasive assessment of haemoglobin concentration, applicable in wide clinical practice. To solve this problem, we examined a group of haematological patients in the Haematology Department of the Samara State Medical University Clinic with the aim to compare the results obtained using the experimental multiwave system for noninvasive haemoglobin concentration assessment and the results of the clinical blood analysis.
Introduction
The main advantages of noninvasive methods for the analysis of blood protein components are the removal of the infection risk, the efficiency, the possibility of continuous monitoring, the absence of biologic pollution, and the softened requirements to the personnel qualification. Various methods [1] [2] [3] [4] [5] [6] [7] [8] [9] can be used to assess the blood haemoglobin concentration in vivo.
Among these methods, the optical ones are most acceptable for the practical use. This is due to the relative simplicity of the instrumentation required to implement the optical methods of noninvasive haemoglobin concentration and the techniques for clinical applications. The analysis of trends in the development of optical methods and technical means for assessment of haemoglobin concentration shows that the main trend lies in the field of using the method of pulse CO-oximetry [10, 11] .
The method of pulse CO-oximetry is based on measuring the optical radiation attenuation by the arterial blood at different wavelengths and calculating the concentrations of the total haemoglobin and its fractions from the obtained attenuation values. The number of probe wavelengths determines the number of determined fractions of haemoglobin. Thus, in the commercially produced monitors Rad-57 and Raical-7 (Masimo) twelve wavelengths are used [12, 13] and the concentrations of the total haemoglobin, oxyhaemoglobin, carboxyhaemoglobin, and methaemoglobin are determined. However, in many practical cases, e.g., for the anaemia diagnostics, the information on the fractional composition is abundant, and it is sufficient to know the total haemoglobin concentration solely. In this relation, the question arises about the set of probe radiation wavelengths necessary to determine the blood haemoglobin concentration with acceptable accuracy.
The aim of our study was to estimate the accuracy of measuring the blood haemoglobin concentration by means of the pulse CO-oximetry method depending on the chosen wavelengths of the probe radiation. The determination of the set of wavelengths minimising the measurement error will offer an opportunity to optimise the construction of the instrument for noninvasive assessment of the haemoglobin concentration from the point of view of scheme simplification and, therefore, cost reduction. In turn, the cost reduction and device simplification will allow the implementation of this method in wide clinical practice of the population screening, aimed at revealing the persons with diseases that affect the haemoglobin concentration.
To solve the formulated problem the studies were carried out with the aim of comparing the results obtained using the experimental multiwave system for noninvasive assessment of the blood haemoglobin concentration and the data of clinical blood analysis. The essence of the study was to determine the measurement error for different linear combinations of wavelengths. The experimental examinations were carried out in the group of haematological patients with different pathologies on the base of the Haematology Department of Samara State Medical University.
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Theoretical foundation of the pulse COoximetry
The method of pulse CO-oximetry is based on the Bouguer-Lambert-Beer law that relates the reduction of the intensity of light that passes through a layer of lightabsorbing matter to the concentration of the absorbing substance and the layer thickness:
where ε is the molar absorption coefficient, l is the thickness of light-absorbing layer (m), с is the concentration of the stained solution (M). For several stained substances present in the solution the contributions are additive, i.e.,
where А is the total optical density of the solution defined as
We assume that the optical path lengths are similar for the optical radiation with difference wavelengths propagating through the sample and that the BouguerLambert-Beer law is valid. Then to determine the concentration of each of n stained substances one has to solve the system of linear equations 
To estimate the amount of haemoglobin (! !"#$%&' ), one has to determine the mass of all haemoglobin fractions and the volume of plasma, in which they are dissolved. The direct measurement of these parameters by means of spectrophotometry is impossible, but one can determine the concentration of fractions and then, by plotting the regression dependences found from the blood clinical analysis, estimate the amount of blood haemoglobin.
The main fractions of blood haemoglobin are oxyhaemoglobin ( ! !"! ! ), deoxyhaemoglobin ( ! !" ), carboxyhaemoglobin ( ! !"!" ! ), and methaemoglobin ( ! !"#$% ). Normal blood mainly contains ! !"! ! and ! !" , while the part of dysfunctional fractions (! !"!" ! , ! !"#$% ) does not exceed 3%. Besides, in the norm the fraction of ! !"! ! amounts to nearly 98%. Therefore, the first rough approximation the optical medium can be presented as double-layered, consisting of oxyhaemoglobin and blood plasma. Since the blood plasma consists of 90% water, the set of equations (2) will take the form
and therefore,
The analysis of Eqs. (3) shows that to increase the sensitivity and to reduce the error one has to choose the wavelengths providing a large difference between the absorption coefficients of two different components. The optimal choice of wavelengths is of particular importance when using the pulse CO-oximetry method, in which the measured quantity is the increment of absorption due to the systolic increase of blood volume rather than the absolute absorption. This increment depends upon the haemodynamic specific features of the arterial vessels in the limbs of a particular person, the current functional state, and the conditions of measurement. Usually this increment does not exceed 5-7%, the mean value being 1%, and in the case of haemodynamic pathology it can be as small as a few tenths of per cent.
With the absorption spectra of the main haemoglobin fractions, blood plasma, and water in the visible and near-infrared ranges [14] [15] [16] [17] [18] [19] taken into account, the probe wavelengths for the experimental studies were chosen as 520 nm, 658 nm, 776 nm, 839 nm, 974 nm, 1348 nm, and 1550 nm. The choice was justified by the fact that at 520 nm, 658 nm, 776 nm, 839 nm, and 974 nm the absorption coefficient for different forms of haemoglobin by an order of magnitude or more exceeds that of water. On the contrary, at the wavelengths 1348 nm and 1550 nm the absorption by water is essentially greater than the absorption by the haemoglobin fractions.
Experimental system and processing algorithms for noninvasive assessment of haemoglobin concentration
The system for noninvasive assessment of blood haemoglobin concentration was developed at the Chair of Laser and Biotechnical Systems of Samara State Aerospace University. The system consists of the electronic-optical registration unit and the special software operating under OS Windows. The registration unit incorporates the electronic circuit connected to the optical finger sensor via the optical fibre line. In the registration unit the semiconductor lasers radiating at the wavelengths 520, 658, 776, 839, 974, 1348, and 1550 nm are mounted.
The electric power supply of the laser units and the stabilisation of their temperature are implemented by means of the control circuits that switch the lasers on sequentially and provide the constant pulse power and wavelength of radiation. Through the optical fibre cable, the laser radiation is delivered to the biological object and after passing through it is detected by the broadband InGaAs photodiode. The photocurrent output from the photodiode, proportional to the attenuation of the radiation by the biological tissues, arrives at the amplifier and then at the synchronous demodulator, in which the multiplexing and the formation of the signals of the attenuation spectral components occurs. These signals, containing constant and variable components, are digitised by the multichannel delta-sigma ADC and are transmitted via the USB to the personal computer for further processing.
Generally, the algorithms of processing the radiation attenuation signals included the following basic stages: the detection of pulse waves, the estimation of the pulse wave amplitude at each wavelength, the estimation of haemoglobin concentration. The detection of pulse waves was implemented by comparison with the filtered signal threshold. The comparison threshold was chosen as a part of the filtered signal amplitude and was dynamically varied with the variation of the signal depending on the registration conditions. The signal filtering was implemented using a bandpass filter formed by a superposition of high-pass and low-pass filter. The filtering was implemented by averaging the photoplethysmographic signal over all channels for low frequencies and by the signal differentiation for high frequencies. The time constant of the differentiator was chosen to maximise the signal-to-noise ratio.
The signal amplitude was calculated using the maximum likelihood estimate
where X(t) is the current signal in the channel, S 1 (t) is the reference signal, [0, T] is the duration of a single pulse wave. The rectangular signals with different durations and the signal obtained by averaging the pulse wave realisations were used as reference signals. The obtained estimates of amplitudes were analysed for the presence of outliers and filtered using either the sigma clipping algorithm, or the median filter. After the determination of the sequence of algorithms for the primary processing of signals, optimal from the point of view of the error variance minimisation, the data were used for the estimation of haemoglobin concentration.
To estimate the haemoglobin concentration we used the multifactor linear regression model, implemented using the MATLAB application software. The factors for the regression model were the normalised ratios of radiation attenuations at different wavelengths. These ratios were calculated as
where !(! !,! ) is the constant component and !!(! !,! ) is the variable component of the attenuation of optical radiation at the i-th and j-th wavelength, respectively. We could not calculate the factors for the wavelengths 520 and 1550 nm because of strong attenuation of the signal at these wavelengths and, consequently, the low signal-to-noise ratio. Thus, 8 linearly independent factors were formed, namely (7) where SHb is the haemoglobin concentration estimate, a 0 …a 8 are the linear model coefficients, determined from the data of clinical analysis.
Results of experimental studies
The studies were carried out at the Chair of Haematology of Samara State Medical University. The measurements of haemoglobin concentration using the laboratory method ( ) were performed in the group of 90 patients with different pathologies of haematological profile. The range of variation of the haemoglobin concentration in the studied group amounted to 47-190 g/L, and the haematocrit varied within 15-61 %. Then in the same patients during 30 seconds the multiwave photoplethysmogram was recorded and processed using the above algorithm. The regression model factors were calculated using Eq. (5). Thus, the data matrix was completed in the form 5  4  3  2  1   1  ,  18  ,  17  16  ,  15  14  13  12 
where n=90.
Then using 50 randomly chosen lines of the matrix (8) the coefficients for the regression model (7) were calculated and for all patients the values of SHb were determined. The results obtained using the system were compared with the results of the blood clinical analysis. The statistics of the difference SHb -LHb was calculated. In the case of using all 8 factors in the model (6) the root-mean-square deviation ! =20.45 g/l. the mathematical expectation ! =0, the !"#$%& = −2.3. The histogram of the differences SHb -LHb for this case is presented in Fig. 1 . Fig. 1 Histogram for the differences SHb -LHb in the case of using 8 factors.
After that, some factors were excluded from the model (6) to determine such combination of factors, for which the root-mean-square is minimal in the case of using a smaller number of probe wavelengths. It was found that this is achieved with the factors R 1 , R 2 , R 4 . In this case the root-mean-square deviation ! =21.0 g/l, the mathematical expectation ! = ! , the !"#$%& = −1.8. The histogram of differences SHb -LHb for this case is presented in Fig. 2 . In this case the mathematical expectation can be considered as the systematic error of the measurement, and the root-mean-square deviation as the random error. The studies have shown that the exclusion of ! ! = 839 nm from the set of probe wavelengths insignificantly increases the root-mean-square deviation, while the mathematical expectation is not changed at all.
The attempt to compare the obtained results with those of the noninvasive haemoglobin measurements carried out using the commercial monitors Raical-7 and Rad-87 (Masimo) in different clinical investigations shows the following. The data on the measurement accuracy, defined as the root-mean-square deviation SHb -LHb strongly differ in different sources and are hardly comparable. Thus, in the review [10] for different cases the mathematical expectation varies within the range from 0 to 8 g/L, and the root-meansquare deviation from 5 to 13 g/L. However, in Ref.
[20] ! = 10 g/l, and ! = 19 g/l. The difficulty of comparing these data is related to the difference in ranges of haemoglobin variation in the groups of patients of different age and sex, the lack of data on the quality of the recorded signals of arterial blood pulsation, on whether the outlier rejection was performed or not, the diversity of pathologies, etc.
Another approach to the assessment of noninvasive haemoglobin measurement precision is presented in Ref. [21] . In this paper the authors determine the 95% confidence interval for the difference SHb -LHb. It was found that for the measurement of haemoglobin in the interval from 80 to 170 g/L the 95% confidence interval amounts to 71.8 g/L.
We carried out the analogous studies and found that in the case of using 8 factors the 95% confidence interval, obtained by means of our experimental multiwave system appeared to be 73.2 g/L, and with three factors R 1 , R 2 , R 4 it was 80.7 g/L, which is worse. However, the range of variation for the haemoglobin concentration in our group was 47-190 g/L, which is larger than in Ref. [21] . For the range of haemoglobin variation from 80 to 170 g/L that corresponds to the measurement range of Masimo monitors, we obtained the 95% confidence interval 62.3 g/L with 8 factors and 65.5 g/L with three factors R 1 , R 2 , R 4 , using our experimental multiwave system. The root-mean-square deviation amounted to 12.3 g/L in the first case and 14.7 g/L in the second case. The group with the haemoglobin variation range from 80 to 170 g/L was selected from the initial group and included 64 patients.
Since our system of multiwave noninvasive assessment of haemoglobin concentration is aimed at the population screening, the achieved accuracy can be considered acceptable for revealing the persons with potential pathologies. With such measurement error it is possible to reduce the probability of missing the disease by choosing appropriately the diagnostic thresholds, by increasing the measurement time in the case of weak peripheral pulsation signal, and by taking the risk factors and clinical symptoms into account. For example, in the technique for medical application one can set the thresholds of directing the patient to the laboratory examination corresponding to the haemoglobin at the level of the norm limits. However, all this requires further studies aimed at getting the a priori distributions of the haemoglobin concentrations in the population, both for healthy people and those with pathologies affecting the blood haemoglobin concentration.
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Conclusion
The studies have shown that for assessment of blood haemoglobin concentration with the accuracy comparable with that of commercially produced monitors Rad-57 and Raical-7 (Masimo) it is sufficient to use four wavelengths of probe radiation affects the accuracy much stronger than the reduction of the probe wavelengths number. Further improvement of the accuracy of the assessment of blood haemoglobin concentration may be achieved by developing highefficiency signal processing algorithms, which could, e.g., adaptively change the measurement time and their own parameters depending on the signal-to-noise ration and the character of noise. Thus, the exclusion of = 3 λ 839 nm practically does not worsen the results and allows the simplification of technical implementation, which, in turn, reduces the cost of the system for the noninvasive haemoglobin concentration assessment.
